We studied the laser-molecule interaction dynamics that leads to the asymmetric D ion ejection in the dissociative ionization of D 2 molecules observed recently in Kling et al. [Science 312, 246 (2006)]. By changing the carrier-envelope phase, we showed that the asymmetry is a consequence of manipulating the initial ionization and the rescattering of the electrons within one optical cycle of the laser. The result illustrates the feasibility of coherent control of reaction dynamics at the attosecond time scale. DOI: 10.1103/PhysRevLett.98.123002 PACS numbers: 33.15.Fm, 33.80.Rv, 42.65.Re Laser light with a controlled electric field Et E 0 t cos!t has become available recently. In addition to the amplitude E 0 t and the frequency !, experimentally it is now possible to control the carrier-envelope phase (CEP) . By changing the CEP, the electric field of the laser can be manipulated at the attosecond time scale. Because of the exponential dependence of tunneling ionization on the instantaneous electric field strength, control over has opened the opportunity to define the moment of ionization with a precision of several hundred attoseconds. The electron born within this narrow time window remains in the laser field, which, in principle, can be tailored at will. This allows for control over various rescattering processes. Examples can be found in high harmonic generation [1], in high energy above threshold ionization [2] , and in nonsequential double ionization of Ar [3] . All of these experiments have been performed on atoms. On the other hand, steering the reaction of a molecule toward a particular configuration is the ultimate goal of coherent control in chemistry. In this Letter, we analyzed the recent experiment of Kling et al. [4] (which was featured in Ref. [5] ) to show that coherent control at the attosecond time scale has been achieved by observing the asymmetric ejection of D ions in the dissociative ionization of D 2 molecules by a few-cycle laser pulse.
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Asymmetric dissociation of D 2 or HD by lasers is widely expected when there is an up-down asymmetry in the laser's electric field. For long pulses and a multiphoton ionization regime, an asymmetric electric field can be generated by changing the relative phase between the fundamental and the second harmonic of an optical field, and asymmetric fragmentation has been observed for such a pulse on HD by Sheehy et al. [6] , where the asymmetry had been previously predicted by Charron et al. [7] . For few-cycle pulses, asymmetric up-down electric fields can be varied by changing the carrier-envelope phase, and asymmetric dissociation of HD or D 2 by few-cycle pulses has been studied theoretically [8] [9] [10] [11] . These theories predict that the resulting kinetic energies of the ions are about 2 eV or less. In the work of Kling et al. [4] , the asymmetries were observed for ions in the energy range of 3-8 eV. These ions were attributed to resulting from the dissociative ionization of D 2 molecules via the rescattering mechanism. Full ab initio calculations for this two-electron process are not available today. In this Letter, we present a quantitative analysis of their experiment based on the rescattering theory by incorporating the laser field effect on the dissociation dynamics, leading to the asymmetric ejection of the D ions.
Consider a 5 fs 800 nm laser pulse, with a CEP of =2 and of , respectively, as depicted in Fig. 1 . When a D 2 molecule is placed in such a pulse, it can be ionized when the electric fields are near the local maximum, as indicated by A, B, C, and D in the figure. The ionization releases an electron into the laser field. Meanwhile, a vibrational wave packet is created on the 1s g curve of D 2 . When the electron returns at a later time to recollide with the D 2 ion, it may excite the ion to the 2p u curve. Once on the 2p u curve, it may be further ionized by the laser, resulting in double ionization [12 -14] , or it may dissociate directly into D D [15] . The relative yields of dissociation vs ionization depend on the laser intensity and its duration. For the short pulses treated here, dissociation dominates, and D 2 may dissociate directly along the 2p u potential curve, or the laser pulse may couple it to the 1s g curve and dissociate along that curve. Since these two potential curves are degenerate at large internuclear distances, the coherent sum or difference of the two scattering amplitudes gives the probability amplitude for finding the D ions in either the up or the down direction. The relative yield, or the asymmetry, depends on the carrierenvelope phase of the pulse.
We now describe the computational steps employed in calculating the D ejection. To begin with, at time t i , near the laser field peaks A, B, C, and D (Fig. 1) , the D 2 molecule is ionized by tunneling ionization, with the rate calculated according to the molecular tunneling ionization theory [16] . The initial velocity of the electron is assumed to follow Gaussian distributions [17] . For each initial condition, the trajectory of the ionized electron in the laser field and the potential of the D 2 ion are calculated. By monitoring the distance of the closest approach of the electron, the return time t r and the kinetic energy are recorded. Using semiempirically fitted excitation cross sections, the excitation probability density by a rescattering electron at time t r is then calculated for a range of internuclear distances R [14] . The range of R to be included is given by jR; t i ; t r j 2 , where R; t i ; t r is the vibrational wave packet at time t r that was created at time t i , assuming that the Franck-Condon principle is applicable in the ionization process. The ionization probability density for populating D 2 ions in the excited 2p u state at time t r , with internuclear distance R 0 , is then calculated. If the D 2 dissociates following the repulsive 2p u potential curve only, the distribution of D would be symmetric. However, when dissociation occurs in the laser field, part of the amplitude can be transferred to the 1s g curve. The amplitudes for finding D 2 in 2p u or 1s g at the end of the laser pulse are obtained by solving the coupled equations:
with initial conditions C u t r 1 and C g t r 0 for Rt r R 0 . In this equation, DR is the dipole moment of D 2 at internuclear distance R, E g;u R are the electronic potential energies, and W g;u R are the tunneling ionization rates, of the 1s g and 2p u states, respectively, and Et is the laser's electric field. Note that the relation between time and distance R is obtained by solving the classical equation along the 2p u potential curve.
The probability density for finding the D ions to be along the up or the down direction is then given by
Note that P u R 0 ; t r and P d R 0 ; t r are the probabilities for finding D ions in the up or the down direction at large distances, respectively, if the D 2 was initially excited to the 2p u state at time t r and the internuclear distance between the two deuterons was R 0 . Combining with the probability densities from tunneling ionization and the electron impact excitation probability density P ex , we can write down the differential probability density per unit energy for finding D in the up or the down direction by
with C dE u R 0 =dR 0 and
In this expression, we can read that W i t i is the tunneling ionization probability density when the laser's electric field is Et i . 2 R 0 ; t r ÿ t i is the density of the wave packet after it has propagated over a time interval t r ÿ t i ; P ex R 0 ; t i ; t r is the total probability of exciting D 2 from 1s g to 2p u at the internuclear distance R 0 by the electrons. This probability is obtained after integrating over all of the trajectories of the tunneled electrons. Note that, for each initial ionization, there are more than one return times and they should be summed over. The initial ionization time t i can occur throughout the laser pulse and thus should be integrated over as well, even though contributions are dominated by the short time intervals marked A, B, C, and D in Fig. 1 . The prefactor on the right-hand side converts the differential probability from per unit length to per unit energy.
To illustrate the effect of 2p u -1s g coupling by the laser which is responsible for generating the up-down asymmetry of D ions, we consider a 5 fs laser pulse with peak intensity of 1:2 10 14 W=cm 2 and a CEP at =2 and . In Fig. 2 , we show the asymmetry, defined by
as a function of R 0 ; t r . That is, the asymmetry depends on the rescattering time t r and the internuclear distance R 0 . We next explore the origin of the asymmetry of the calculated D ion yield. In Fig. 3(b) , for we show how the up and down D ions depend on the time of the first ionization. Major contribution to the D ions comes from initial ionization when the laser field is near peak C in Fig. 1 at t i 0. The peak kinetic energy of 6 eV in the up direction corresponds to a return time at t r 2 fs or at the first return. Additional contributions to the ion yield come from ionization occurring near peak B. For this group, the peak yield is also near 6 eV, again due to rescattering after the first return, but the D ions are in the down direction. The asymmetry is due to the larger ionization rate at C than at B. Note that we found little contributions from ionization near peak A, presumably due to the low tunneling ionization rate, and little from ionization near peak D, presumably due to the small kinetic energy gained in the field.
We further analyze the D ion yield for =2, shown in Fig. 3(a) . For this case, the electric fields at B and C have the same strength and, thus, the same initial ionization rates. However, electrons generated at B see a stronger electric field during the rescattering, thus gaining more kinetic energy and higher excitation probabilities. They lead to D ions in the down direction. For electrons ionized at C, they lead to D ions in the up direction. We see small contributions from ionization at A, but one can conclude that for =2 the asymmetry in D ejection is due to the different kinetic energy gained during the rescattering. On the other hand, the asymmetry at is mostly due to the different tunneling ionization rates.
From Figs. 3(a) and 3(b) , we conclude that for D 2 ionized near B (C), the D is ejected in the down (up) direction. Note that D ions are generated only when D 2 is first ionized within one optical cycle comprising peaks B and C. By changing the CEP, we change the electric field of this cycle. This, in turn, changes the relative up-down production of D , illustrating coherent control of chemical reactions at the single optical cycle level.
The above analysis shows that the asymmetric D ion production depends critically on the CEP of the laser pulse. We comment that the total D ion yield is rather insensitive to the carrier-envelope phase, even in their kinetic energy release spectra; see Fig. 4(a) . The up-down asymmetry is a consequence of the coherence due to the additional coupling between the two electronic states by the laser field. In Fig. 4(b) , we show the asymmetry of finding D ions vs the CEP, by integrating over the kinetic energy release of the ions. An asymmetry of about 40% has been found. Similarly to Ref. [4] , we also showed the asymmetry of the up and down D ions on the plane of CEP and the kinetic energy of the D ions; see Fig. 4(c) . The results presented so far are for D 2 molecules aligned parallel to the laser polarization direction. We also studied the dependence of asymmetry on the alignment angle of the molecular axis with respect to the laser polarization direction. Our results show that the integrated asymmetry does not change much from 0 to about 60 . At larger angles, the asymmetry drops quickly, and at 90 the asymmetry vanishes since the laser does not couple the 1s g and 2p u states when the molecular axis is perpendicular to the polarization.
How do the present results compare to the experimental data of Kling et al. [4] ? First, in Fig. 4(a) , the high-energy tail of D of about 8 eV agrees well with the experiment, but the low-energy tail of 4 eV is higher than the 2 -3 eV in the experiment. We believe that these low-energy ions are not due to rescattering but are mostly due to the asymmetric dissociation of D 2 treated previously [7] [8] [9] [10] . Second, in Fig. 4(b) , the calculation shows an asymmetry modulation depth of 80%, while the experiment reported a modu- lation depth of 50%. The calculation shown was for a 5 fs (FWHM) Gaussian pulse. For a 6 fs pulse, our calculation gave a modulation depth of 60%. Our extended calculations also showed that the up-down asymmetry depends on the pulse shape. The near-degeneracy between 1s g and 2p u at large R implies that even a small electric field would couple the two channels, and, thus, the tail of the laser pulse would affect the asymmetry. In view of these uncertainties, we consider the agreement with the experimental data reasonable. Third, our calculation shows how the asymmetry depends on the carrier-envelope phase, while in the experiment the actual phase was not measured and the asymmetry was shown with respect to the relative phase only.
In conclusion, our analysis establishes firmly that the asymmetric D ion ejection in the dissociative ionization of D 2 molecules observed by Kling et al. is a consequence of singe-cycle dynamics even though a 5 fs pulse has been used. The asymmetry depends strongly on the carrierenvelope phase. Because of the exponential dependence of tunneling ionization, initial ionization occurs in the attoseconds scale at a specific half-cycle near where the laser field is at the peak. In the future, it is desirable to measure the energy of the electrons in coincidence with the D ions. Such a measurement would identify electrons ejected within half an optical cycle directly and their role in the rescattering process. From this analysis, we showed that, by controlling the carrier-envelope phase, the ionization of D 2 and the subsequent dissociation of D 2 can be fully controlled at the single-cycle limit. This exemplifies coherent control at the shortest time scale available today.
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